Over half of multiple sclerosis (MS) patients experience cognitive deficits, including learning and memory dysfunction, and the mechanisms underlying these deficits remain poorly understood. Neuronal injury and synaptic loss have been shown to occur within the hippocampus in other neurodegenerative disease models, and these pathologies have been correlated with cognitive impairment. Whether hippocampal abnormalities occur in MS models is unknown. Using experimental autoimmune encephalomyelitis (EAE), we evaluated hippocampal neurodegeneration and inflammation during disease. Hippocampal pathology began early in EAE disease course, and included decreases in CA1 pyramidal layer volume, loss of inhibitory interneurons and increased cell death of neurons and glia. It is interesting to note that these effects occurred in the presence of chronic microglial activation, with a relative paucity of infiltrating blood-borne immune cells. Widespread diffuse demyelination occurred in the hippocampus, but there was no significant decrease in axonal density. Furthermore, there was a significant reduction in pre-synaptic puncta and synaptic protein expression within the hippocampus, as well as impaired performance on a hippocampal-dependent spatial learning task. Our results demonstrate that neurodegenerative changes occur in the hippocampus during autoimmune-mediated demyelinating disease. This work establishes a preclinical model for assessing treatments targeted toward preventing hippocampal neuropathology and dysfunction in MS.
Multiple sclerosis (MS) is a chronic inflammatory, neurodegenerative disease, with onset at ages 20-40 years in young adults who have a normal lifespan. Autoimmune responses directed against myelin are thought to be involved in the immunopathogenesis of MS. 1 It is classically considered a white matter (WM) demyelinating disease, characterized by focal WM lesions consisting of T lymphocyte and macrophage infiltrates, demyelination and axonal transection. [2] [3] [4] However, WM pathology does not occur exclusively. Gray matter atrophy has been shown to occur in cortical and deep sub-cortical brain regions by magnetic resonance imaging (MRI). [5] [6] [7] [8] Gray matter atrophy begins early in the disease, continues as the disease progresses, 9 and correlates with motor, sensory and visual disability as well as with cognitive deficits. 10 Indeed, approximately 50-65% of MS patients experience cognitive deficits. 11, 12 Among these reported cognitive deficits, memory dysfunction is especially common. 13 The cause of memory dysfunction in MS is currently unknown, but neuroimaging studies suggest that hippocampal pathology is involved, 14 specifically, atrophy of the CA1 region. 15 Experimental autoimmune encephalomyelitis (EAE) is the most commonly used animal model of MS. Like MS, EAE is characterized by inflammation and neurodegeneration in the spinal cord and the brain. How these two processes interact to cause permanent disability remains unclear. In EAE, neuroinflammation and axonal loss in spinal cord has been proposed to result in walking disability. 16 In contrast, the neuropathological substrate underlying cognitive disability remains unknown. Herein we describe hippocampal neurodegeneration and consequent spatial learning impairment, in myelin oligodendrocyte glycoprotein (MOG) peptide induced EAE in C57BL/6 mice. This novel characterization of hippocampal pathology in the MS model may yield insights into the basis for learning and memory deficits in MS.
MATERIALS AND METHODS Animals
Adult male C57Bl/6 and B6.Cg-Tg (Thy1-YFP) 16 Jrs/J mice, age 8-10 weeks, were purchased from Jackson Laboratories (Bar Harbor, ME, USA). In addition, PLP-EGFP mice were bred in house, from a breeding pair, a kind gift from Dr Wendy Macklin (Cleveland Clinic Foundation, Cleveland, OH, USA). The generation, characterization and genotyping of PLP-EGFP transgenic mice have been previously reported. 17, 18 All animals were housed under guidelines set by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments were conducted in accordance with the University of California Los Angeles (UCLA) Chancellor's Animal Research Committee (ARC), and the PHS Policy on Humane Care and Use of Laboratory Animals. EAE EAE was induced by subcutaneuous injection of an emulsion containing purified auto-antigen myelin oligodendrocyte glycoprotein (MOG) peptide, amino acids 35-55 (200 mg per mouse, Chiron Mimotopes, San Diego, CA, USA), and mycobacterium tuberculosis, (200 mg per mouse) suspended in complete Freund's adjuvant, as described. 19, 20 Mice were monitored daily, and clinical disease severity was measured using the standard EAE grading scale. 21 The standard grading scale ranges from 0 to 5: 0, unaffected; 1, loss of tail tone; 2, limb weakness; 3, partial paralysis; 4, complete paralysis; and 5, moribund. Mice were scored daily throughout the duration of experiment. Individual clinical scores were averaged across all animals per day, yielding a mean clinical disease index for each group.
Barnes Maze Spatial Memory Test
Spatial learning was assessed in normal and EAE mice using the Barnes Maze, as described previously. 22 Briefly, the Barnes Maze is spatial learning and memory task, which is less physically demanding and less stressful than the Morris Water Maze, 23 yet still requires the learned association of spatial cues to a target or escape location. We adapted the Barnes Maze, in order to avoid unnecessary physical demands and stress on EAE mice. To test spatial memory, mice were placed in the middle of an elevated circular platform, 90 cm in diameter, containing 20 holes around the periphery. Holes were identical in appearance and width, 5 cm, and separated by 7 cm. Only one hole was connected to an escape route, consisting of a 12 cm ramp into a dark 20 Â 30 Â 20 cm cage lowered directly under the platform. All other holes were blocked with wire mesh. Four internal spatial cues (square-, triangle-, circle-and cross-shaped color paper cut-outs) were pasted to a black wall affixed to the periphery of the platform. None of the cues were placed directly over the target hole. To enhance the natural agoraphobia of mice, a 60 W lamp was placed 3 ft above the platform, while the experiment took place in a dark room. In addition, mice were exposed to noxious auditory stimulus with the use of a metronome (Intelli Programmable Metronome IMT-400), set at 120 beats per minute in the form of eight notes with an eighth rest every other note, at 440 Hz pitch. At each trial mice were lowered onto the platform in a Start box for 20 s; then given 300 s to complete the trial. Trials were completed upon entry to target hole. Errors were defined as exploration of incorrect holes, and were counted for the duration of each trial. Total errors per trial were compared between groups. EAE mice with a clinical disability score of 2.5 or higher (limp tail, difficulty righting, ataxia and mild limb weakness) were excluded from behavioral experiment. The platform was cleaned and wiped between each trial. Mice were tested three times each day, at baseline before disease induction on days À1, 0 and 1. Then mice with similar baselines were assigned to either EAE induction or not. At day 15 and day 40 during disease, or equivalent times in healthy controls, mice underwent Barnes Maze testing. Performance was assessed by change in errors from first to last trial on each day. As motor disability occurs in EAE mice, latency times to reach target hole were measured but not analyzed, as motor disability would confound timed performance.
Tissue Collection and Sectioning
At different time points (days post immunization (dpi) 13-15, 35-40 and 55) through out the disease, EAE mice were compared with age-matched healthy control mice. Mice from each group were deeply anesthetized with isoflurane and perfused transcardially with ice-cold 0.9% saline, followed by 10% formalin. The brains were dissected from skulls, post-fixed overnight in 10% formalin and cryoprotected in 30% sucrose solution in phosphate buffered saline (PBS) thereafter. Tissue was embedded in a gelatin block for cryostat sectioning then post-fixed overnight in 10% formalin and cryoprotected in 30% sucrose solution in PBS before longitudinal bisection at the midline of the brain. Sagittal free-floating sections were cut from each hemisphere: the left cut into 40 mm, the right hemisphere cut into 20 mm thick sections, with a sliding microtome, (Microm Microtome Cryostat HM 505E, Zeiss, Germany) and collected serially in PBS. The most medial sagittal section of a given block containing a complete portion of the hippocampus was numbered as the zeroth section, with all consecutive sections numbered sequentially. The first section used for the experiment was chosen uniform randomly to employ the Cavalieri method, an unbiased estimator of object volume. 24, 25 From the uniform random section on, every fifth section was collected for each immunohistochemical condition. 26 ) were collected from each hemisphere, and placed within each well of a 24-well plate. These sections were either used for immunofluorescence or Nissl stained. For all other immunostaining conditions, three sagittal sections were used, spanning approximately 400 mm of dorsal hippocampus. For immunofluorescence, 40 mm free-floating sections were permeabilized in a 2% normal goat serum (NGS), 0.3% Triton X-100 and PBS solution, and blocked with 10% NGS in PBS. To detect specific cell types and structures, sections were incubated with primary antibodies overnight. Sections were randomly selected for immuno-staining groups. Several cell types and proteins were analyzed: CA1 pyramidal neurons, CA1 inhibitory interneurons, microglia/macrophage, immune cell infiltrates (including T and B cells), myelin basic protein and synaptic proteins. The following antibodies were used: monoclonal anti-neuronal specific nuclear protein (NeuN; 1:250), and rabbit polyconal anti-parvalbumin (PV; 1:500, Chemicon, Temecula, CA, USA) were used to identify CA1 pyramidal neurons and a subset of GABA-ergic interneurons. Rat monoclonal anti-mouse CD45, rat monoclonal anti-mouse macrophage/monocyte (both 1:500; Chemicon), were used to identify cells of microglial/macrophage lineage. To identify potential infiltrating T and B cells, rat monoclonal antimouse CD3 (1:50; BD Biosciences, San Jose, CA, USA) and rat monoclonal anti-mouse CD19 (1:50; BD Biosciences) were used, respectively. Rat monoclonal anti-myelin basic protein (MBP; 1:500; Chemicon) was used to stain myelin, and rabbit polyclonal anti-synapsin-1 (Syn-1; 1:500; Chemicon) was used to stain presynaptic densities. All primary antibodies were diluted at optimal working concentrations in 2% NGS in PBS. Sections were then incubated for 2 h with fluorescent-conjugated secondary antibodies (goat antimouse or goat anti-rat Cy5/TritC IgG (1:1000; Chemicon) and goat anti-rabbit FIT-C IgG (1:1000; Vector Laboratories, Burlingame, CA, USA) in 2%NGS in TBS solution) to visualize monoclonal and polyclonal primary antibody immunoreactivity.
Immunohistochemistry
To detect apoptotic cells within the CA1, the TUNEL TMR, in situ cell death kit (Roche Applied Science, Mannheim, Germany) was used. From each animal 20 mm-thick medial brain sections containing the dorsal CA1 were taken and placed in 1.5 ml Eppendorf tubes for TUNEL procedure. Following the Roche protocol for difficult tissue, the brain sections were washed in PBS, then permeabilized in a 0.1% sodium citrate, 0.1% triton-X100 in PBS solution for 30 min at 75 1C. After rinsing with PBS, the brain sections were incubated for 1 h with TUNEL mixed solution (1:10 dilution factor of enzyme terminal deoxyribonucleic transferase (TdT) in label solution, containing fluorescent-conjugated nucleotides) in a dark, humidified chamber held at 37 1C. The sections were then rinsed in PBS, and either incubated with primary antibodies for double-labeling experiments or stained with a cell marker. 4 0 , 6-diamidine-2 0 -pheynylindole dihydrochloride, (DAPI; 1:1000; Invitrogen, Eugene, OR, USA) staining was used in all fluorescence staining conditions to identify nuclear DNA in all cell types. Primary and secondary antibody control experiments were carried out for all staining conditions. For TUNEL staining, positive control condition included incubation with DNase enzyme (200 U/ml DNase in 50 mM Tris-HCL in PBS) for 10 min, before TUNEL step. After immunohistochemical procedure, all sections were mounted in serial order on Super-Frost Plus micro slides (VWR International, West Chester, PA, USA), dried overnight and cover-slipped in Fluoromount G (Fisher Scientific, Hampton, NH, USA).
Microscopy
To avoid experimenter bias during all phases of image collection and analysis, slides were coded and experimenter was blind to animal condition. The dorsal CA1 was imaged using a spinning disc laser confocal system (Olympus BX61) equipped with Â 4 and Â 10 dry and Â 40 and Â 100 oil objectives connected to a camera (Hanamatsu 1394 ORCA-ERA). Identical light intensity and exposure settings were applied to all images taken for each experimental set.
Stereological Analysis
Immunostaining was quantified using unbiased stereology. All images (RGB) were converted to grayscale, split and separated by color channel, using ImageJ version 1.29 (Windows version of NIH Image), downloaded from http:// rsb.info/nih/gov/ij. To avoid experimenter bias, auto-adjustment of brightness and contrast, as well as threshold of staining signal, was carried out by NIH software. A Grid Plug-in, uploaded from http://rsb.info.nih.gov/ij/plugins/ grid.html, was used for counting points per area of interest. 27 The volume of the dorsal CA1 was estimated using the Cavalieri method. 25 For each mouse, NeuN/Dapi co-labeling and Nissl staining was analyzed within the hippocampal region of CA1. Briefly, a grid consisting of 1 pixel thick crosses was randomly superimposed onto each single-color optical image within a stack through the CA1. The area associated with each cross point was calculated using the given area of the grid, the number of crosses per grid and the ratio of micron per pixel, (1 pixel ¼ 0.16125 mm at Â 40 magnification). The average number of crosses per area was calculated, and used to estimate volume using this formula:
, where T is the section thickness of the tissue slice, a/p is the area associated with each cross on the grid, and P i is the number of crosses landing within the CA1 transect on each section. Volumes were estimated for each CA1 per brain slice, and statistically compared between groups. PV-positive interneurons, CD3 þ , macrophage/ monocyte, CD19 þ cells (infiltrating T cells, macrophages and B cells), and PLP þ oligodendrocytes lying within the CA1 region of the hippocampus, were counted manually using Â 10 images, and compared blindly between control and EAE groups. Pixel intensity of microglial/macrophage activation, myelin and synaptic protein density within the CA1 were also measured as percent area of immunoreactivity, using ImageJ, then recorded and compared statistically. Axon density was measured by the ratio of Thy-1 YFP þ pixel intensity and the total-image pixel area. All pixel intensities were measured and compared using Â 10 and Â 40 images. TUNEL-labeled cells (undergoing apoptosis) were counted using ImageJ particle analysis.
Presynaptic Puncta Quantification
To quantify Syn-1 immunoreactive (Syn-1-IR) presynaptic puncta within the CA1, confocal images containing the pyramidal and proximal stratum radiatum regions were acquired at Â 60 magnification, transferred to a work station and RGB split using ImageJ. Three stacks of 10-12 images were taken across the CA1, for each brain section, with two brain sections sampled for each animal, for a total of 528 optical sections measured for Syn-1-IR puncta quantification. Puncta size threshold range was determined by sampling several Syn-1-IR puncta from various animals, and averaging both upper and lower threshold limits; minimum puncta size (0.816 mm 2 ) and maximum puncta size (3.264 mm 2 ). This range was then used to filter for puncta particle size through out the experiment. The number of puncta in each optical image was averaged across z-stack, brain section, and animal; to attain a composite average of pre-synaptic puncta within the sampled hippocampal area in different group conditions. Experimenter was blind to group conditions through out all the analyses.
Statistical Analysis
Estimated volumes, cell counts and pixel intensity percentages were compared between normal and EAE groups using an unpaired Student's t test. Behavioral data was analyzed using a Repeated Measures ANOVA, and Bonferroni post-hoc tests. All statistical analyses were carried out using GraphPad Prism Version 4 (GraphPad Software, San Diego, CA, USA).
RESULTS

Neurodegeneration and Microglial Activation Occur within the Hippocampus During EAE
To determine whether the hippocampus is targeted during an autoimmune demyelinating disease, EAE was induced in C57Bl/6 mice by immunizing with myelin oligodendrocyte glycoprotein (MOG 35-55) peptide, as previously described. 19, 20 Consistent with previous experiments, motor disability began approximately 8-12 days after disease induction and persisted throughout the disease, Figure 1 .
The integrity of hippocampal gray matter was evaluated during EAE by assessing pyramidal CA1 volume and GABAergic interneuron labeling. CA1 pyramidal volume was estimated using the Cavalieri Estimator, as described. 25 As hypothesized, the volume of CA1 (as identified by NeuN þ /DAPI þ co-labeling of pyramidal neurons) in EAE was significantly smaller than the CA1 of healthy matched controls, starting as early as day 13 of disease, Figure 2a In all the stages of disease, inflammation, identified by CD45 þ immunoreactivity, was abundant in the CA1 of EAE mice compared with healthy age and gender-matched controls, Figure 3 . The morphology of CD45 þ staining was consistent with microglia in activated states; see insets in panels b, e and h of Figure 3 . As CD45 þ staining does not distinguish between resident microglia and infiltrating immune cells, we next assessed whether CD45 staining was composed of T lymphocytes, B lymphocytes or macrophage/ monocytes, Figure 4 . EAE mice did not have immunolabeling of T cells or B cells within the hippocampus, panels a-b and g-h. However, there was some staining of globoidshaped macrophage/monocyte lineage cells within the hippocampus, see panels d-e. Together, these data indicated Figure 1 Clinical disease scores of mice with experimental autoimmune encephalomyelitis (EAE). EAE was experimentally induced in adult C57Bl/6 mice by myelin oligodendrocyte glycoprotein (MOG) immunization at days 0 and 7. Clinical signs began as early as day 7. Mice were sacrificed at early (day 13; n ¼ 8) middle (day 35; n ¼ 8) and late (day 55; n ¼ 8) disease time points, in order to assess neuropathology in the hippocampus.
that neuroinflammation in the CA1 of EAE was primarily because of activated microglia and macrophages and not because of infiltrating T and B lymphocytes.
Neurodegeneration and inflammation of the CA1 occurred in the presence of diffuse loss of myelin protein, Figure 5a -c. Although there was a trend towards decreased axonal density and reduced mature oligodendrocyte counts in EAE, these were not significantly different from normal control CA1, panel a-f P40.05.
EAE Causes Neuronal and Glial Cell Death Within the Hippocampus
Once we determined that hippocampal pathology in EAE entailed a decrease in CA1 pyramidal volume and a significant loss off GABA-ergic interneurons, in the presence of microglial activation and demyelination, we then determined if cell death was also occurring in the hippocampus of EAE mice. We found increased levels of apoptotic (TUNEL þ ) cells within the CA1 regions of dorsal hippocampus in EAE, compared with matched healthy control mice, Figure 6a , b, d-f. Indeed, there was an approximate two-fold increase of apoptosis in all sub-regions of the CA1 in EAE.
To determine which cell types were undergoing apoptosis in the CA1 region of the hippocampus during EAE, we co-labeled adjacent tissue sections containing the dorsal CA1, with TUNEL and cell-specific markers for neurons, GABAergic interneurons, astrocytes and oligodendrocytes. TUNEL þ staining co-localized with neurons, interneurons and astrocytes, but detected only occasionally in oligodendrocytes, Figure 7a -h.
Hippocampal Synaptic Integrity is Disrupted During EAE
As we found increased microglial activation in the CA1, a region known to have numerous synaptic connections, and as synaptic dysfunction in the hippocampus had been previously implicated in other neurodegenerative diseases, 28 we next investigated synaptic protein expression in the CA1 layers: stratum oriens, pyramidal and radiatum. It is interesting to note that synaptic density in EAE mice was decreased in these CA1 layers, where incoming synaptic input from Schaeffer collaterals is received by pyramidal neurons and their correspondent dendritic arborizations. To confirm a decrease in synaptic integrity, Syn-1 immunoreactive puncta were quantified using confocal microscopy. EAE mice had significantly reduced Syn-1 þ puncta in the stratum radiatum, compared with the matched healthy controls, Figure 8a -c. EAE mice also had significantly reduced synapsin-1 expression in the pyramidal and oriens layers of CA1 (not shown). This effect was specific to MOG-induced EAE, as experiments using CFA alone did not cause decreased Syn-1 immunoreactivity in the hippocampus, data not shown. Together, these results demonstrated reduced synaptic density within the hippocampus during EAE.
Hippocampal-Dependent Learning and Memory is Affected by EAE
We next investigated whether the hippocampal pathology shown here in EAE caused a functional deficit in hippocampal-dependent learning and memory. We used the Barnes Maze, a hippocampal-dependent behavioral task, during EAE. In this behavioral task, mice must learn the spatial location of a target hole to escape noxious visual and auditory stimuli. Performance is rated as the decrease in total errors committed by each animal from the first to last trial of the day. Fewer errors indicate learning and memory of spatial location of the target hole.
Mice with early EAE (day 15) performed similarly to healthy matched controls, in the Barnes Maze. Both groups had a significant reduction in the number of total errors committed from the first trial to the last trial, Figure 9b . In other words, EAE mice were as good as age-matched healthy normal mice in learning the location of the target hole. It is interesting to note that mice with relatively late EAE (day 40) committed more errors in the last trial, than healthy control mice, Figure 9d . Together, these data indicated that EAE causes hippocampal-dependent impairment in learning and memory. 
DISCUSSION
In this study, we have demonstrated that during EAE there is hippocampal neurodegeneration that consisted of decreased CA1 volume and loss of GABA-ergic interneurons. Further, CA1 neurodegeneration was associated with hippocampaldependent dysfunction in learning and memory during a spatial task. We then determined the cellular basis underlying CA1 atrophy, and began by assessing inflammation and demyelination, classic hallmarks of EAE pathology. It is interesting to note that we found increased microglial activation, but a relative paucity of inflammatory infiltrates. We also found diffuse demyelination with out significant axonal loss. In addition, EAE mice had an increase in apoptosis of neurons, interneurons and astrocytes, as well as a significant decrease in synaptic puncta. Together, our findings demonstrate that the hippocampus is targeted during autoimmunemediated demyelinating disease.
Little is known about the causes of cognitive deficits in MS patients. Only recently, have investigators begun focusing research on the neuropathology that occurs in the cortex and subcortical regions of the brain in MS. Much of this research has been done using imaging techniques, such as MRI. Region-specific hippocampal atrophy has recently been reported, using high resolution T2-weighted MRI scanning, in conjunction with stringent sub-region volume analyses. 15 MS patients had significantly atrophied hippocampi, as measured by total hippocampal volume. When hippocampal sub-regions were analyzed independently, a significant reduction was detected in the CA1 of early stage MS patients, with further regional worsening of CA23/dentate gyrus (DG) Figure 4 Hippocampal inflammation is not due to infiltrating T and B lymphocytes. At early time points, the hippocampus of normal and experimental autoimmune encephalomyelitis (EAE) mice did not stain for CD3 or CD19 þ cells (Cy5-red), which label T cells and B cells, respectively (a, b, g, h). However, there was some macrophage/monocyte labeling seen in the CA1 of EAE mice (e) compared to normal mice (d). As a positive control for the ability to detect immune cell infiltration, thoracic spinal cord sections from EAE animals revealed both CD3 þ and macrophage þ staining, (Cy5-red) (c and f). Sections were double-labeled for each antibody in conjunction with DAPI (blue), a nuclear DNA cell marker, and imaged at Â 10 magnification using confocal microscopy. CA1 pyramidal layer is identified. Scale bar, 20 mm.
in late stage MS patients. Reported volume loss analyses were correlated with impaired performance on a word-learning task, but not on an information-processing speed test, the Paced Auditory Serial Addition Task (PASAT). 15 In addition, a histopathological study described a selective decrease in neuronal numbers within the CA1 and CA2-3, which correlated with total hippocampal atrophy in MS patients, compared with age-matched healthy controls. 29 Together, these two recent studies confirm that hippocampal pathology occurs during MS. Our findings in EAE, an animal model of MS, are consistent with the observations in MS. We have identified and characterized neurodegeneration of the hippocampus, and subsequent functional impairment of hippocampal-dependent learning and memory. With these data, we propose that EAE is a model of hippocampal degeneration and dysfunction in a setting of autoimmune demyelinating disease. This model can now be used to explore preclinical treatments targeted toward preventing this neuropathology and dysfunction.
We detected apoptosis within the CA1 of EAE mice, which primarily occurred in pyramidal neurons and astrocytes. In several neurodegenerative diseases, apoptosis can occur early in response to mitochondrial dysfunction, oxidative stress and reduced synaptic transmission. 30 As the brain region governs learning and memory consolidation, the hippocampus constantly receives and transmits neural signals, thereby heavily consuming energy. Energy consumption and expenditure is regulated by mitochondria, and an imbalance in cellular homeostasis could have detrimental effects on neuronal health. In EAE, activated microglial have been shown to release reactive oxidative species, which may lead to mitochondrial impairment and trigger apoptotic signaling cascades. 31 In a recent report using Wistar rats, EAE-induced inflammation caused an increase in nitric oxide metabolites and a decrease in choline acetyl transferase in the hippocampus. 32 These data are consistent with our detection of apoptosis within the CA1 of the hippocampus during EAE in C57BL/6 mice.
In our study, we observed significant disruption in the immunoreactivity and structural integrity of synapses within the pyramidal and oriens layer of the CA1. These layers contained significant microglial activation, but were not characterized by classic focal infiltrating lesions, such as those that occur in the spinal cord WM in EAE. Previously, in rat and guinea pig models of EAE, dendritic and synaptic pathology were reported in the lumbosacral gray matter of the spinal cord. 33 Pathology was characterized by dendritic beading and swelling in WM and loss of synaptic protein . Tissue sections from Thy1-YFP (YFP-green) normal and EAE mice were stained with cell nuclei marker, DAPI (blue) to assess axonal area (d-e). To assess CA1 axons specifically, the stratum oriens was analyzed, ('SO' in panels). EAE mice did not have significantly different CA1 axonal area (e), compared with healthy normal control mice (d). Quantification is shown in graph f, where a Student's t test yielded non-significant differences in CA1 axonal area, P40.05. Scale bars, 20 mm. expression in both WM and gray matter. These effects were correlated with inflammatory cell infiltration in the lumbosacral spinal cord. It must be noted that cortical brain regions were not assessed in that study and synaptic changes were not shown in the absence of infiltrating inflammatory cells. In a mouse EAE model, dendritic abnormalities have also been reported in motor neurons within the lumbosacral spinal cord in EAE, again in the presence of local infiltrating inflammation. 34 Several reports have indicated that activated resident microglia have a role in neuronal injury during MS and EAE, 35 and microglial activation has been correlated with cortical and callosal neuropathology as well as with synaptic stripping in EAE. 36 In a recent study, EAE-induced inflammation was shown to trigger synaptic pathology in the striatum of mice, and this study suggested that altered glutamatergic transmission is involved. 37 As synaptic organization is dependent upon extracellular matrix proteins and cell adhesion molecules, 38 another study investigated whether cell adhesion molecules might be involved in synaptic pathology in the rat brain during EAE. 39 Matrix metalloproteinase-2 (MMP-2) was increased and neural cell adhesion molecule-1 (NCAM-1) was decreased within the CA1 and CA3 fields of the hippocampus. Our new findings in the context of these previous studies provide strong evidence of synaptic pathology in EAE, with our study focusing on a new region, the hippocampus. Furthermore, we provide a functional consequence of disrupted synaptic integrity, where EAE mice showed impaired performance in a hippocampal-dependent spatial memory task.
Hippocampal pathology is common in other neurodegenerative diseases, such as Alzheimer's disease (AD), HIV-1 associated dementia (HAD), epilepsy and stroke, and their respective animal models. [40] [41] [42] [43] [44] The etiology and pathogenesis of each disease is distinct; however, the hippocampus is targeted in all. Furthermore, these neurodegenerative diseases share a common neuropathological element, that of abnormal synapses. The CA1 field is highly vulnerable to glutamate-mediated excitotoxicity, 45 and has been found to undergo delayed neuronal death and dysfunctional CA1 cell death occurs primarily in neurons and astrocytes, and occasionally in GABA-ergic interneurons and oligodendrocytes. Co-labeling experiments were used to identify the various cell types undergoing apoptosis in the CA1 of experimental autoimmune encephalomyelitis (EAE) mice. All panels depict Â 40 magnified images of the dorsal CA1 of normal and EAE mice at early stages of disease. TUNEL þ cells are shown in pseudo-colored green in all panels, whereas each specific cell marker is red. Normal CA1 had sporadic TUNEL þ cells, and normal NeuN þ (a), PV þ (c), GFAP þ (e) and CNPase þ (g) labeling. The CA1 of EAE mice; however, showed significantly more TUNEL þ staining which co-labeled with NeuN (b), parvalbumin (PV) (d), GFAP (f) and relatively few CNPase co-labeling (e). All scale bars are 20 mm. Figure 8 Synaptic loss in the CA1 region of experimental autoimmune encephalomyelitis (EAE) mice. Decreased synaptic protein, synapsin-1 (Syn-1; FitC-green) was observed in stratum radiatum, stratum pyramidale and stratum oriens of EAE mice (day 13, b) compared with healthy age-matched normal mice (a). Both immunoreactivity and quantity of synaptic puncta were significantly decreased in EAE hippocampus. Normal and EAE mice indicated by N and EAE in left and right columns. a and b depict dorsal CA1 cells (DAPI-blue) and Syn-1 immunoreactivity at high magnification, Â 100, scale bar 20 mm. Graph (c) represents average number of Syn-1 immunoreactive puncta counted per stack, where EAE CA1 had approximately 40% decreased number of puncta compared with healthy control, *Po0.005, Student's t test, n ¼ 4 per condition. Figure 9 Experimental autoimmune encephalomyelitis (EAE) causes a deficit in hippocampal-dependent spatial learning and memory at a later stage of disease. Spatial learning and memory was assessed in normal and EAE mice at two time points of disease (days 15 and 40). Graphs (a) and (c) show representative clinical disease courses for mice tested at an early time point (day 15), and mice tested at a later time point (day 40). On each test day, mice were each given three 300 s trials, in which they were to learn the location of a target hole in the Barnes Maze, and escape from noxious stimuli. Trials terminated at end of 300 s or when mouse entered target hole and escaped to target cage. Errors were defined as explorations into incorrect holes, and were counted and summed for each individual, then averaged by group to give total errors. At an early time point EAE and age-matched healthy control mice performed similarly in the Barnes Maze test, where both groups successfully committed fewer errors by the last trial of the day, graph (b). Later in disease, however, EAE mice had impaired performance, and committed significantly more errors during the last trial, than age-matched healthy controls, graph (d). Repeated-measures ANOVA yielded significant difference (*) after pair-wise comparisons, Po0.008; Bonferroni post-hoc analysis indicated significant difference between normal and EAE mice during last trial, Po0.01. synaptic protein expression in animal models of stroke. [46] [47] [48] [49] Here, for the first time, we report significant decreases in synaptic integrity within the CA1 during EAE, thereby suggesting that similar neurodegenerative mechanisms may be shared between diseases which are disparate in etiology. Furthermore, strategies used to prevent neuropathology in other diseases may warrant investigation in EAE.
In conclusion, our data demonstrate that the hippocampus is targeted during EAE. Our findings suggest that synaptic pruning and neuronal loss are key components in the breakdown of hippocampal integrity in the MS model. This report provides novel targets for future therapies aimed at preventing hippocampal neuropathology in MS.
